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Abstract 
The unique characteristics of the composite materials for the specific requirements makes these materials more popular in a 
variety of applications such as aerospace, automotive (pistons, cylinder liners, bearings), and structural components, resulting in 
savings of material and energy. In this paper aluminium alloy Al6061 was reinforced with TiB2 particles by stir casting method. 
Metal matrix composites produced by stir casting method have more advantages compare with other methods. Experiments were 
conducted by varying weight fraction of TiB2 (0%, 4%, 8% and 12%), while keeping all other parameters constant. The wear 
mechanism was studied through worn surface and wear analysis as well as microscopic examination of the wear tracks. This 
study revealed that the addition of TiB2 improves the wear resistance of aluminium composites. The results showed that 
increasing the mechanical properties, such as tensile strength, wear resistance and hardness caused by the percentage of TiB2
present in the samples. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Metal matrix composites (MMCS) have emerged as an important class of materials for structural, wear, thermal, 
transportation and electrical applications. This is due to their ability to exhibit superior strength-to-weight and 
strength-to-cost ratio when compared to equivalent monolithic commercial alloys [1]. Aluminum-based particulate 
reinforced metal matrix composite has emerged as an important class of high performance material for use in 
aerospace, automobile, chemical and transportation industries because of its improved strength, high elastic modulus 
and increased wear resistance over conventional base alloy [2].  The manufacturing techniques of the aluminium 
metal matrix composites are classified in to three types namely (1) liquid state methods, (2) semisolid methods and 
(3) powder metallurgy methods. [3] In liquid state methods, the ceramic particulates are incorporated into a molten 
metallic matrix and casting of the resulting MMC is done. Stir Casting is a liquid state method of composite 
materials fabrication, in which a ceramic particle is mixed with a molten matrix metal by means of mechanical 
stirring. The liquid composite material is then cast by conventional casting methods [4].  
Aluminium 6061 is a metal alloy with low density and high thermal conductivity, but it has poor wear resistance. 
To overcome this drawback, this alloy is reinforced with TiB2 materials so that its hardness, young’s modulus and 
abrasion wear resistances are increased [5]. 
Ceramic materials are generally used to reinforce aluminum alloys like SiC, TiC, TiB2, ZrB2, AlN, Si3N4, Al2O3, 
and SiO2.  Among these reinforcing ceramic particles, titanium diboride (TiB2) is particularly attractive because it 
exhibits high Young's modulus (345-409 GPa), low density (4.5 g/cm3), superior Vickers hardness (3400 HV), good 
-1 K-1 at 25oC), high electrical conductivity (22 x106 
hardness, high melting point (3225Cº ± 20), superior wear resistance and good thermal stability [6, 7]. For these 
reasons it is used in a large variety of applications such as aluminium melting crucibles, corrosion resistant 
applications, and metal and ceramic matrix composites [8]. The wear resistance is an important factor for various 
engineering applications. Although the friction and wear properties of several metallic alloys in unlubricated 
conditions are widely investigated [9]. The addition of titanium diboride to metal matrix composites has been 
observed to exponentially enhance stiffness, hardness and wear resistance. Historically, much of the work in this 
field has been directed at aluminium based materials [10].  
In this study, reinforcement of the TiB2 with aluminium matrix was carried out, the microstructure of the 
composites were investigated by scanning electron microscope (SEM), and the mechanical properties like tensile 
strength, hardness, and wear resistance were analyzed. 
2. Experimental Procedure 
Aluminum alloy 6061 was used as the base material and ceramic material TiB2 was used as reinforcement. 
2.1 Composite Manufacturing Process Development 
Many researchers focus a composite material development, but the manufacturing cost of the composite is high 
and consequently composites become expensive. In this work replacing the electrical furnace and the stir set up by 
the simple blower furnace and a vertical drilling machine respectively. By this set up the high operating cost of the 
electrical furnace is eliminated, with the drilling   machine variable speed can be obtained for stirrer as per our 
requirement. 
2.2 Composite Development   
In present work, the Effects of TiB2 in Al6061 are investigated. Metal matrix composites (MMCs) are a range of 
advanced materials that can be used for a wide range of applications within the aerospace, automotive, nuclear, 
biotechnology, electronic and sporting goods industries and are rapidly becoming candidates as structural materials 
for high temperature applications. There has been an increasing interest in composites containing low density and 
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low cost reinforcements. Among various discontinuous reinforcements used, TiB2 is one of the low density 
reinforcement which is giving more advantages properties to composites. Hence, composites with TiB2 as 
reinforcement are suitable for wide spread application used in automotive and small engine applications. Material 
selected for experimental purposes was Al6061. The addition of TiB2 is done to it in 0, 4, 8 and 12 % by weight. The 
specimens produced are tested for Strength and Wear properties. 
2.3 Preparation of Samples  
In the preparation process of this method, stirring has been carried out in graphite crucible in coal- fired furnace 
with continuous stirring of the molten metal- matrix gives homogeneous mixture of composites and instantaneously 
poured into the sand to get solidify. Coal is used as a fuel for preparation. The working diagram of the coal- fired 
furnace is given in figure 1. Aluminium 6061 is used as the matrix material in the present investigation, and details 
of the composition are given in Table 1.  
Table 1. Chemical composition of Al 6061 
 
Element Mg Fe Si Cu Mn V Ti Al 
Weight 
% 1.08 0.17 0.63 0.32 0.52 0.01 0.02 Remainder 
2.4 Processing 
Aluminium Alloy (Al6061) was melted in a crucible by heating it in a blower furnace at 750°C for twenty 
minutes. The TiB2 powder is preheated at 700oC. The furnace temperature was first raised above the liquid 
temperature of Aluminium near about 750oC to melt the Al6061completely and was then cooled down just below 
the liquid us to keep the slurry in semi-solid state. The stirring was carried out with the help of the drilling machine 
for about 10 minutes at stirring rate of 450 rpm. At this stage, the preheated TiB2 particles were added manually to 
the vortex. In the final mixing processes the furnace temperature was controlled within 700 ± 10oC. The mixture was 
poured into the mould cavity (size 150 × 15 × 15 mm) and allows this for cooling by keeping the mould in room 
temperature. Taking the same route six specimens with different compositions of TiB2 was produced.  The size of 
the composite was designed based on the requirement of all microstructural and mechanical tests. These composite 
manufacturing processes were repeated for four times for four different weight percentages. Wear test was carried 
out using computerized wear testing machines as per the standards. Scanning electron microscopes (SEM) are taken 
to study the distribution of TiB2 particles in 6061 aluminium alloy. 
 
Fig. 1 Experimental Diagram of fabrication of Al6061- TiB2 Metal Matrix 
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3. Results and Discussion 
3.1 Hardness Observations  
Figure 2 shows the results of micro hardness tests conducted on AA6061 and the composite containing different 
weight percentage of TiB2 particles. The Micro- Vickers hardness of the polished samples was determined using 
diamond cone indentor with a load of 30N and the value reported is average of 3 readings taken at different 
locations. The hardness value of the aluminium alloy and composite are reported in the Table 2. A notable rise in 
hardness of the alloy matrix can be seen with addition of TiB2 particles. Hardness reading reveals a higher value of 
hardness indicating that the existence of particulates in the matrix has improved the overall hardness of the 
composites.  
Table 2. Micro Vickers Hardness Analysis of the Composite 
Al 6061-Weight % of TiB2 Average Hardness 
0 65.53 
4 70.26 
18 71.13 
12 72.46 
 
 
Fig. 2 Hardness of 6061Al before and after addition of different wt% of TiB2 Particulates 
3.2 Strength observations 
To investigate the mechanical behaviour of the composites, tensile tests were carried out using computerized 
universal tensile testing machine as per ASTM.E8 standards. Four test specimens were used for each run. From 
Table 3 it is clear that fracture strength increase of composites is greater when compared to as cast 6061Al. It is also 
clear from the tensile results that with increase in amount of reinforcement tensile strength increases, while there is 
decrease in ductility.  
Table 3. Tensile test results of as cast 6061Al, with addition of 0, 4, 8 and 12 % of TiB2  
Weight percentages of TiB2 Tensile strength(Mpa) 
0 89.54 
4 98.31 
8 113.03 
12 137.86 
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3.3 Wear Observations 
Dry sliding wear tests were performed by using pin-on-disc equipment.  The counter disc material was of EN31 
steel. Prior to testing, the pins and disc surface were cleaned with acetone. Tests were conducted with the load range 
is 5, 10 and 15 N at constant speed of 500 rpm with a sliding speed 2.61 m/s and a sliding distance of 2000 mm. The 
initial weight of the specimen was calculated from single pan electronic weighing machine with the precision of 
0.0001. After each test, the specimen and counter face disk were cleaned with organic solvents to remove traces. 
The pin was weighed before and after testing to an accuracy of 0.1 mg to determine the amount of wear loss. 
The wear test observation shows the wear resistance of the composite increases as the percentage of the TiB2 
increases. In the wear test the weight loss of the composite are less compared to the Al alloy as shown in Table 4. 
The coefficient of friction is more at the beginning and it reduces gradually due to solid film formation at the contact 
surface due the titanium diboride particles. Figure 3 shows the coefficient of friction for the 15N load decreases as 
there is no adverse effect due to the change in slinding distance there is weight loss in material but due to the 
formation solid flim the friction is reduced.There may increase in coefficient of friction if the load is increased. 
Table 4 Al6061- wt. % of TiB2 and Weight Loss for various loads in percentage  
 
Wt. % of TiB2 Weight Loss Vs Al6061- wt.% of TiB2 
5N 10N 15N 
0 0.1520 0.3600 1.6110 
4 0.2180 0.4018 2.0700 
8 0.2327 0.4214 3.4546 
12 0.2643 0.5060 4.6100 
 
Table 5 Weight percentage of TiB2 and Co-efficient of friction for 5 N, 10 N and 15 N 
 
Wt. % of TiB2 Co- efficient of Friction 
5 N 10 N 15 N 
0 0.204 0.310 0.458 
4 0.244 0.346 0.470 
8 0.234 0.316 0.368 
12 0.218 0.350 0.418 
 
 
 
Fig. 3 Co- efficient of Friction and Al6061- 4% wt. of TiB2 
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3.4 Wear worn Surface 
It is difficult to say about the size and shape of TiB2 particles. Hence SEM was used to estimate the size of the 
TiB2. SEM analysis was conducted to investigate morphological features of TiB2 particles. It is evident from SEM 
analysis that TiB2 particles are very fine in size, and brilliant Black in colour. The SEM micrographs of the 
fabricated AMCs at higher magnification are presented in Fig. 4. Formed TiB2 particles exhibit various shapes such 
as spherical, hexagonal and cubic. The presence of clear interface can be attributed to the formation of particles 
within the melt itself and thermodynamic stability of the TiB2 particles. When a ceramic particle behaves Thermo 
dynamically unstable in the aluminium melt, it produces undesirable compounds at the particle to matrix interface. 
A pure interface is needed to increase the load bearing capability of the AMCs and enhance the mechanical and 
tribological properties. Fine size of TiB2 particles is seen in fig. 5, 6 & 7. 
 
 
Fig. 4 Al 6061-wt.0% of TiB2 
 
Fig. 5 Al 6061-wt.4% of TiB2 
              Fig. 6 Al 6061-wt.8% of TiB2 
          Fig. 7 Al 6061-wt.12% of TiB2 
 
The SEM micrographs of the worn surfaces of Al6061 alloy and the composite specimen sliding at room 
temperature are shown in figure 4, 5, 6 & 7. Also there were numerous scratches on the wear surfaces. This suggests 
that the primary wear mechanism is abrasive wear. The examination of the wear surfaces of the alloy and 
composites at lower magnification reveal distinct pattern of grooves and ridges running parallel to one another in 
sliding direction as shown in figure. After testing the Al6061 unreinforced alloy, the surface was characterised by 
long and continuing grooves as seen at Figure 4 contains heavy scars and cracking of crater-shaped areas. It might 
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be due to poor wettability, insufficient stirring and density variation between the matrix alloy and ceramic particle. It 
can also be seen that there is a clear interface between the TiB2 particles and aluminium alloy matrix. Further, it is 
observed that the developed composites were free from common cast defects such as porosity and shrinkage cavity. 
This is favourable to improve the strength, elastic modulus and elongation.TiB2 reinforcements distribute more 
homogeneously in 12% of TiB2/Al composites. Also the wear surfaces in the steady state wear regime in the base 
alloy seem to be quite smooth as compared to the composites. This is because of the absence of TiB2 particles which 
otherwise cause’s micro ploughing of surface in contact during wear making the surface. The grooves on the worn 
surface of the monolithic matrix were coarse. The presence of micro cracks on the sliding surface is another the 
important phenomena observed. The wear surface shows distinct parallel groves throughout the worn surface. The 
aggressiveness of the ploughing increased with increase in the applied load. 
 
 
           Fig. 8 Al 6061-wt.8% of TiB2          Fig. 9 Al 6061-wt.8% of TiB2 
Figure 8 indicates SEM- EDS analysis was used to ascertain approximate chemical composition of reinforcement 
and also that of matrix. Fig. 9 indicate spectrum of Al- 8% TiB2 composite with peaks of aluminium and titanium 
composition. EDS elemental analysis confirms the presence of boron, aluminium and titanium.  
4. Conclusions 
The mechanical characteristics of AA6061-TiB2 aluminium matrix composite was studied in detail. The study 
reveals that there is an increase in the hardness property of the Aluminium with the reinforcement of TiB2. Inclusion 
of reinforcement in the Aluminium improves the micro-hardness value of the Aluminium. From the result, it is 
understood that increase in the amount of TiB2 will certainly increase the strength of the Aluminium. Increase in the 
composition of TiB2 was clearly found with the help of the images in the microstructure. Wear tests were conducted 
on the specimen and the characters of wear resistance characters and co-efficient of friction of the composite 
specimen were found. Results from the graph shows, an improvement in the wear resistance characteristics with the 
increase in the amount of TiB2 in the aluminium composite. This shows that the reinforcement will improve the 
wear resistance character of the aluminium. Different loads were applied to the specimen and it was found that with 
the increase of load the weight loss too increases. TiB2 has lesser loss of weight in high load than the other 
composition material. This paper results show that the inclusion of reinforcement TiB2 will improve the mechanical 
properties of the aluminium composite.  
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